Introduction
The removal of acid gases, such as CO 2 and H 2 S, from industrial gases is frequently carried out by an absorptiondesorption technology, using (aqueous) solutions containing alkanolamines as solvents. 1 One industrially applied solvent is the piperazine (PZ) activated aqueous N-methyldiethanolamine (MDEA) solution. 2 Such a blend of an activator (usually a primary or secondary amine) with a tertiary amine combines the relatively high rate of reaction of the former with CO 2 with the lower reaction heat of the latter with CO 2 , thereby gaining higher rates of absorption in the absorption column while maintaining a low energy of regeneration in the stripper section.
An optimal design and operation of absorption and desorption columns requires detailed knowledge concerning (among other things) the mass transfer rate of carbon dioxide into the absorption liquid, which in turn is to a large extent determined by the kinetic rates of both the activator (PZ) and the tertiary amine (MDEA) with CO 2 . And, while the kinetics of MDEA with CO 2 have been studied extensively in the past, 3 only two publications have dealt with the (independent) measurement of the reaction rate of PZ with CO 2 . 4, 5 As the kinetics are typically derived from mass transfer experiments, a correct interpretation of these experiments requires the knowledge of the physical solubility and diffusivity of CO 2 in aqueous piperazine solutions. Unfortunately, it is not possible to determine these properties directly due to the chemical reactions between CO 2 and (aqueous) piperazine.
In the literature, 3,6-8 therefore, it is suggested to apply the "N 2 O analogy" to estimate both of the aforementioned physicochemical properties. This seems reasonable since N 2 O resembles CO 2 in configuration, molecular volume, and electronic structure; moreover, it is a non-reactive gas.
Recently, research 9 has also focused on the application of microporous membranes as a gas-liquid contactor, which (within certain operating conditions) could offer some advantages over conventional contactors, such as ease of scale-up, higher interfacial area per unit volume, and the possibility to vary mass transfer coefficients and interfacial area independently. One major disadvantage when working with organic solvents is the possibility of wetting of the membrane, which means that the absorption liquid penetrates the membrane pores, thereby imposing an additional (very large) mass transfer resistance. The minimum pressure (∆P LY ) required for the liquid to penetrate into the membrane pores (with pore diameter d pore ) is, according to the Laplace-Young equation, linearly dependent on its surface tension (γ L ):
Also for conventional gas-liquid contactors such as absorption columns, the surface tension of a liquid is a nontrivial property since it affects important design parameters, such as hydrodynamics, volumetric mass transfer coefficient, and gas holdup. 10 The present work reports densities, viscosities, and N 2 O solubilities at temperatures in the range (293.15 to 323.15) K and surface tensions at (293 and 313) K. The piperazine concentration range studied was about (0.6 to 1.8) kmol‚m -3 in the density, viscosity, and N 2 O solubility measurements, while the surface tension was measured at piperazine concentrations of (0.5, 1.0, and 1.5) kmol‚m -3 .
Experimental Section
Solutions of PZ were prepared by dissolving a known amount of piperazine (purity 99 %, Aldrich) in doubledistilled water. The actual concentration of the prepared solution was measured (at T ) 293 K) by means of a volumetric titration with a 1.0 mol‚L -1 solution of HCl. The experimentally determined piperazine concentrations were accurate to within 0.5 %. The nitrous oxide (purity 99.5 %) used in the solubility experiments was obtained from Hoekloos.
Density and Viscosity. The density was determined with a commercial density meter (DMA 58, Anton Paar GmbH), in which the temperature could be controlled within ( 0.05 K. The viscosity was measured using a PSL Ubbelohde viscometer (type ASTM-IP, capillary 0C), submerged in a thermostatbath for temperature control (within (0.1 K).
Solubility. The physical solubility of N 2 O was measured in a thermostated reactor (volume ≈ 2 L), equipped with a
gas inducing impeller, connected to a calibrated gas vessel. Both reactor and gas supply vessel were provided with a temperature and pressure indicator. A known amount of PZ solution was transferred to the reactor and allowed to reach the desired temperature, after which the liquid was degassed by applying vacuum for a short period. Then, the gas supply vessel was filled with pure N 2 O, and the initial pressure in this vessel was recorded. Next, a sufficient amount of N 2 O was fed from the gas supply vessel to the reactor. Subsequently, the valve between the gas supply vessel and the reactor was closed, and the final pressure in the gas supply vessel was recorded. After this, the agitator in the reactor was switched on, the contents of the reactor was allowed to reach equilibrium (which was reached when the reactor pressure remained constant), and the equilibrium pressure and the corresponding temperature in the reactor were recorded. Subsequently, the temperature in the reactor was adjusted to a different desired temperature using the thermostat bath, and again the solution was allowed to reach equilibrium. Following this method, a series of experimental solubilities at different temperatures could be obtained using one solution of certain piperazine concentration. The distribution coefficient, defined in this work as the ratio between the equilibrium concentrations in the liquid and the gas phase, at each temperature was calculated using the difference between the initial and final pressure in the gas supply vessel, the equilibrium pressure, and the vapor pressure of the lean solution at the corresponding temperature, according to eqs 2, 3, and 4:
The vapor pressure in the reactor was calculated from the vapor pressure of pure water 11 thereby assuming Raoult's law to correct for the piperazine content:
The error introduced with this assumption is expected to be minimal, considering the concentration range studied (x H2O > 0.96).
Experimental procedure and accuracy were verified by measuring the solubility of N 2 O in water. Results are shown in Table 1 and Figure 1 . From Figure 1 it is clearly shown that the measured solubilities are well in line with experimental data taken from various literature sources. 5, [12] [13] [14] Surface Tension. Surface tension measurements were carried out with a Krü ss K9 tensiometer, using the Wilhelmy plate method. Measurements were performed at temperatures of (293 ( 1) and (313 ( 1) K. The maximum experimental uncertainty caused by these temperature changes amounts to 0.3 mN‚m -1 (for water).
Results and Discussion
Density and Viscosity. The measured values of density and viscosity as a function of concentration and temperature are listed in Table 2 . The experimental uncertainty is estimated at 0.01 % (density) and 1 % (viscosity).
Sun et al. 5 also reported density and viscosity data for aqueous piperazine solutions at temperatures of (303.15, 308.15, and 313.15) K and PZ concentrations ranging from (0.23 to 0.92) kmol‚m -3 . The work of Cullinane 15 contains experimental density and viscosity data at temperatures of (298.15 and 313.15 K) at a concentration range from (0.5 to 1.8) kmol‚m -3 piperazine in water. A graphical comparison between the three different data sets at (298.15, 303.15, and 313.15) K is shown in Figures 2 and 3 . Figure 2 shows that the presently reported densities are in good agreement with the data by Sun et al. 5 and Cullinane; 15 the deviation between the three data sets is always smaller than 0.25 %. As for the reported viscosities, however, this is not the case, as illustrated in Figure 3 . 
At piperazine concentrations below 1.0 kmol‚m -3 , there is a good agreement between the present data and the data reported by Cullinane. 15 At higher concentrations, the deviation between the two data sets increases up to about 10 %. The comparison with the experimental data of Sun et al. 5 shows that, while their data at 303.15 K are in good agreement with the present data, their data at 313.15 K are consistently a bit lower than the present data and the data reported by Cullinane. 15 Pure water viscosity data, taken from Lide, 16 have been included in Figure 3 to compare the trends in all three data series; extrapolation of the data taken at one constant temperature to a zero piperazine concentration should yield the viscosity of (pure) water at that temperature. And although the comparison is a very simple one, it does give an indication that the data sets presented in this work and in the work of Cullinane 15 seem to be more consistent with the limiting case of pure water than the experimental viscosities presented by Sun et al. 5 N 2 O Solubility. The solubility of N 2 O in aqueous PZ solutions, quantified in dimensionless form by the distribution coefficient (m) is listed in Table 3 . The experimental uncertainty is within 5.0 %.
The solubility data at (298.15, 303.15, and 313.15) K are compared to the corresponding data sets presented by Sun et al. 5 and Cullinane 15 in Figure 4 .
The three data sets are reasonably in line with each other; the maximum deviation in the experimental results is found at a temperature of 313.15 K between the experimental data of Cullinane 15 on one hand and the present data and the experimental data of Sun et al. 5 on the other hand. It is noted that an increasing piperazine concentration does have a marginal effect on the N 2 O solubility of the solution.
Surface Tension. Surface tensions have been measured for three piperazine concentrations, and the results are listed in Table 4 . Each reported value is the average of at 
Conclusions
This work reports experimentally determined densities, viscosities, and N 2 O solubilities of aqueous piperazine solutions at different concentrations and temperatures, thereby expanding the data set already available in the literature. A comparison with the experimental data reported by Sun et al. 5 and Cullinane 15 shows a reasonable to good agreement for all results.
Also, the surface tension of aqueous piperazine solutions was measured at temperatures of (293 and 313) K. It was found that the addition of a small amount of piperazine to water does not have such a pronounced effect on the surface tension as observed for conventional (alkanol)amines such as DEA and MDEA. 
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